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SUMMARY

The phenomenological theory previously proposed
mn NACA Technical Note 4000 for the beharior of
metals at elevated temperatures has been modified to
yield transient creep curves by assuming that the
metal consists of two phases, each with ils own
elasticity and viscosity. The ertended theory satis-
fies the basic requirements for a theory of transient
creep at elevated temperatures: that the {ransient
creep be closely connected with the subsequent steady
creep, and that the apparent erponent of the time
in the transicnt region be permitted wide variations
between 0 and 1. From this theory it is possible to
construet nondimensional creep curves which extend
continuously from the transient region into the steady-
state region. The corresponding family of creep
curves for any metal may be obtained from the non-
dimensional family by use of appropriate constants.
The constants required are those obtained from
steady creep measurements, together with two addi-
tional constants which represent the difference
between the phases. The transient creep curves
resulting from this theory are compared with the
experimental curves for pure aluminum, gamma iron,
lead, and 7075-T6 aluminum alloy; good agreement
18 found.

INTRODUCTION

In studies of the creep of meltals, it has become
apparent that the creep behavior at elevated
temperatures is different from that at low temper-
atures. For relatively pure metals the line of

! Supersedes NACA Technical Note 4396 by Elbridge Z. Stowell, 1958,

demarcation occurs at a temperature aboul one-
half that at the melting point. Tn the high
temperature region it has been shown that many
aspeets of the elevated-temperature behavior of
some polycrystalline metals may be predicted if
certain data are available concerning their steady
creep.  (Sceref. 1)

The transient or primary ecrcep which takes
place before the onset of the steady ereep is not,
however, one of the aspects of metal behavior
which is predictable from the theory of reference
1. This transient component of the creep could
be very important in some applications. An
understanding of the nature of transient creep
would be highly desirable not only from the aca-
demic point of view but also because of the
possibility of predicting the magnitude of the
transient creep.

The existing theories of transient creep are
inadequate to account for the actual behavior of
polyerystalline metals at elevated temperatures.
The so-called “exhaustion theory’ of Mott and
Nabarro (ref. 2) is a mechanistic theory involving
the motion of dislocations and applies only to low
stress and temperatures. The theory suggested
by Orowan (ref. 3) is a semimechanistic theory
which involves the use of thermal fluctuations to
facilitate créep but also requires that the creep
strain be proportional to the cube root of the time.
A more recent theory of Mott (ref. 4), which also
involves the movement of dislocations but is
intended to apply to higher temperatures, like-
wise requires that the transient creep strain be
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proportional to the cube root of the time, Al-
though some experimental data do indicate an
apparent cube root relation, this result usually is
true for only a part of the time range. Actually,
when the logarithm of the ercep strain is plotted
against the logarithm of the time, the apparent
exponient of the time may vary anywhere from
a value in the neighborhood of one-sixth to unity.

One feature which seems to be characteristic of
all the existing theories is that the mechanism
which is supposed to give rise to the transient
ereep is distinetly different from that which gives
rise to the subsequent steady creep.  On the other
hand, the experimenta]l work of Dorn and his
associates (ref. 5) indicates a strong interconnec-
tion between the transient and the steady ereep
al elevated temperatures.  When the creep strain
is plotted against an appropriate parameter, a
single curve is obtained regardless of whether the
creep is in the transient or the steady region. If
the mechanism for transient ereep were different
from that for steady creep, one would expect two
different. temperature dependencies and conse-
quently two curves instead of one would be
required. Thus, any proposed theory of transient
crecp which is intended to apply at clevated
temperatures must satisfy at least two clementary
requirements: It must show a close connection
with the steady ereep which follows, and it must
permit the apparent exponent of the time in the
transient region to vary over a wide range between
0 and 1.

In the treatment of the elevated-temperature
behavior of metals in reference 1, the physical
properties necessary to describe the behavior at
constant temperature were clasticity and viscosity.
The metal was thus conceived to consist of a
single phase specified by the clasticity and vis-
cosity constants. Suppose, however, that the
metal could be more accurately described as con-
sisting of two phases, each with its own sct of
claslicity and viscosity constants. Then, with
such a metal, it is coneceivable that, after applica-
tion of a stress, the two phases would come to
action at different rates and would thus result in
an overall creep rate which would vary with the
time; or, the metal would exhibit transient ereep.

This paper is an aitempt to account for the
experimental phenomena of transient crecp at
clevated temperatures by considering the metal
to consist of two phases, cach of which satisfics

the phenomenological relation of reference 1 sepa-
rately. On this basis transient creep arises simply
beeause the two phases have different constants.
The advantages of the phenomenological approach
arc retained by this theory and no new mechanism
is needed or postulated to account for the tran-
sient creep.

After the presentation of the theory for tran-
sient creep, a comparison is made between the
results from the theory and experimental data
obtained from four metals at absolute tempera-
tures above about one-half the melting point.

SYMBOLS
€ creep strain
€ creep strain rate, per hour
o stress, psi
I applied stress, psi
oo constant, psi
¥ elastic tensile modulus, psi
T temperature, °K
M a temperature function of the form
2sTe~2H/ET per hour
s constant, per hour per °K
AH activation energy, calorie/mol
n gas constant, taken as 2 calorie/mol/°K
T time constant, hr

: . 1 20
! 2E, L?-—tan’h'l Masinh %
2 Fl+r2 o

M,+M,

t time, hr
g=te—AH/ET Ny

Subseripts 1 and 2 apply to phases 1 and 2, thus,
M, =25, TeAHET,

THEORY FOR TRANSIENT CREEP

Previous work on the behavior at elevated tem-
peratures of metals (ref. 1) has shown that much
of their hehavior is predictable if the metal is con-
sidered to be an clastic-viscous substance satisfy-
ing (at constant temperature) a relation of the
type

Stress

Strain rate=
onstant

T lt (Slress) +M sinh (C

where A is a known function of the temperature
and F is the clastic modulus. The constants are
determined from measurements of the steady creep
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rates at constant siress and temperature. The
use of this relation implies that the elastic-viscous
material is uniform and all of one phase. Under
conditions of constant stress, this simple relation
can yicld only a constant creep rate.

Suppose, however, that two phases were present
in the metal, each with its own set of clasticity
and viscosity constants. One phase, for example,
might possess considerably more elastic stiffness
than the other (different values of F), or they
might have widely different viscous properties
(different values of A), or both. Tn such a case,
under conditions of constant stress, the interac-
tion between the phases would result in a variable
creep rate.

Assume a polyerystalline metal to consist of two
such phases (designated by subscripts 1 and 2).
The phenomenological relation proposed in refer-
ence 1 for metals at clevated temperatures is here
assumed to hold for each phase separately (with
temperature constant):

6= 1d0'—|—1fﬁmh—

E, dt )
RIS Ve sinh %
TR, dt

application of a constant stress 7 is

where o; and o; are the stresses borne by the indi-
vidual phases.

Indirect experimental evidence, to be discussed
later, indicates strongly that the two assumed
phases are present in the metal in equal or nearly
equal amounts. If this is so, the following
rclation must hold for equilibrium:

=-=0a

0'1+0’2 - (2)

where 7 is the applied stress.  Also, since the metal
must retain its continuity, it follows that

€— €
"~} &
€,=¢€;
the moduli satisfying

The relation between
equations (2) and (3) is

E:E1+E2

2

Details of the solution to this problem are
presented in the appendix.  There it is shown that
the creep strain developed at a time ¢ after the

e=0p X
M, 25 M, 25
—+4-cosh — +cosh — — 1
M, as M, o . 1 fomtsr ( 1, 1Y..,25 sinh (2 tanh='7)
( oA —_ 7 [2 tanh=! 7—2 tanh~! (re~*/")]+ E+E2 sinh o log 8 sinh [2 tanh~1 (re- /7]
M M, 27
3 [2+ﬂ L-}-. cosh e
4
where in the numerator of the expression for e will vanish
if the phases have the same constants; that is, if
M, sinh 22 M, E : .
7 M, sinh = i=d_1, It is shown in the appendix that
r=tanh Iy _2E Z —tanh-! %0 M, E,
2N+ E, 0 M, -+M, COS}IQ_‘? under this condition the only creep possible is a
%o steady creep proportional to the time.
The magnitude of the creep as a function of the
VMM, (E—FE’;\) time therefore depends on the values of the two
M, 312 27 parameters My ond B These values are un-
it treosh M, B

It is evident by inspection that the left-hand term

known, but two limiting cases may be considered:
(a) The transient creep will be a maximum
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£y

‘1

when the two parameters JT;‘ and
¥lg

case thnt Zd—w . Then equation (4) becomes

Eo

M, :

(”‘-{—cosh ~-> [2 tanh~! r—2 tanh™! (re” ”’)H—smh = log

as possxblo Suppose as the limiting

sinh (2 tanh~'7)
sinh [2 tanh=T (re=*/7)]

(5a)

‘:E M,

+" cosh =
0]

M,
(b) The transient creep will be a minimum when the two parameters i !and g arc as close
<rd2

to unity as possible.

Supposc as the limiting ease that £~1

2

Then equation (4) becomes

(5b)

E,
M, J[E) 5 i 1ty .+ 27, sinh (2 tanh~'7)
B YA [2 tanh~! r—2 tanh~! (re="/1)]+2 sinh p log Snh 2 tanh " (e 7))
—2 T 5
E 3—24— 7 T2 cosh 0—:

\V]l(‘l'(‘ = El == ]4:_:

In both cases the creep strain may be plotted
as a function of the time for different values of the

M .
parameter One method of presenting the data

N I.
M

is to plot the ereep strain as a function of §= e 27/%7,

a parameter which has had extensive experimental
verification for pure metals. Tt is shown in the
appendix that in the notation of this paper

t"”(r+lf )

(3 /‘[ ”
2!‘ 1 R
N —\/ 1[)—*-‘[1—}-... (‘Oﬁl

(6)

From cquations (5a), (5h), and (6) nondimen-
sional plots have been construeted which show the
maximum (ﬁg. 1(a) for -;’—'-— oo) and the minimum

' E . . .
(ﬁg. 1(b) for ﬁ=]> possible theoretical transient

. 20
creep strain for values of {'oquul to 1, 5, 10, 15,
o]

20, and 25.

These families of curves are universal in the
sense that the theoretical transient creep char-
acteristics of any material can be obtained from
them by using the constants appropriate to that
material to {ransform the coordinates to €8 in
each ease. This procedure was followed in the

comparison of theory and experiment discussed in
the next section.

COMPARISON OF THEORY AND EXPERIMENT

Experimental data sufficiently comprehensive
for use in comparison with theoretical results are
available for the ereep of three nearly pure metals:
aluminum, gamma iron, lead, and for 7075-T6
aluminum alloy. In cach case the data covered the
transient as well as the steady ereep region. Data
in the latter region are required in order to de-
termine the necessary constants.

The numerical values of the experimental con-
stants from steady crcep data (taken from refs.
1,5 6,7, 8 and 9) and the constants assumed
for the calculations are given in table I. (The
value of 25T in this table is considered to vary so
slowly with 7 that it is taken as constant al a
value of T'in the middle of the temperature range.)
TFor the aluminum alloy, reference 1 gives only
information on steady creep, inasmuch as the
transient creep data are unpublished.

Because the theoretical curves are calculated for

15, 20, or 25, the

.27
ratios == equal to 1, 5, 10,

4]
corresponding experimental curves were selected

. . 2
wherever possible with values of —-
To

closest to
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Fravre 1.—Universal nondimensional curves for transient creep.

these numbers. The selection of the ratios ‘%‘
. iVig

and —E—‘ was made by trial and error, since there i3
2

no direct way of determining these ratios.  Also,
since the value of ¢y is known from steady creep

- Co (1)
measurements, and since a value of p \OT
2

must be assumed for obtaining the theoretical
curves, a value of £, (or £) is implied. Table IT
lists the values of I, implied by the calculations
(FE, is the same as E for the aluminum alloy) and

compares these values with the corresponding
values of E,; the resulting ratios of I to I; must
be such as to justify the use of figure 1(a) or of
figure 1(b), as the case may be. For the pure
1
k,
unity and thus the use of figure 1(a) in obtaining
the theoretical curves was justified ; for the alumi-
num alloy, the ratio was of the order of unity and
the use of figure 1(b) was justified.

Figures 2, 3, and 4 show the comparisons of the
experimental curves for the three mearly pure

was considerably larger than

2]
metals the ratio
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TABLE, 1.—NUMERICAL VALULS OF EXPERIMENTAL AND ASSUMED CONSTANTS

Steady ereep constants from experimental data Constants assumed for theoretical curves
Metal
AIT, oo A F
28T, hr-t an, PSi calorie Referenee | 25T, hr-t an, psi T A =
mol
Aluminum (99.9877,) 0.5X101 382 35, 800 5 0. 5X 101 382 0.02 10 @
Gamma iron (0.445;, C 2.5 835 78, 000 8,7 2.5 835 . 006 100 L3
Lead (coarse-grained)._ 7.8 90 *25,400 7.8 96 . D048 1 @
7075~T6 aluminum-alloy l 1.5 4,300 34, 700 1 1.5 4,300 . 0004 1, 000 1

*This value of AZ (the mean of the two values determined by Wiseman, Sherby, and Dorn in ref. 9 for single und polyerystals) was used, together with
a temperature of 200° K, for computation of the parameter 8 from the data of reference 8.

TABLE II. -COMPATIBILITY OF IMPLIED VALUES OF _?‘ WITH ASSUMED VALUES
42

Implied Approx-
value of imate Implied | Implied | Assumed
Metal modulus, value of value of value of
Fy=—: L= B+ I Ey E
i 3 A Fr I
ks psi
psi
Aluminum (999879 ________________ 1. 9X10¢ 107 525 1,049 o«
Gamma fron (0.44% C) 1.4X108 3IXUY 214 417 ®
T.ead (coarse-grained) _____ 2.0X104 5108 250 499 @
7075-T6 aluminum-alloy sh 1. 1X107 107 .9 .8 1

109
10-1-
w
&
2
»
a
@
e
S
oA ™
—Ref. 5
—— ——Eq. (50)
10-3 L 1 L | 1 i 1 _
o' 10-'8 10-'7 10°'6 1o~18 o 14 10-'13 1o0-12 Toml
Y4
T
te hr

1

Fravre 2.—Comparison of theory and experiment for the transient creep of pure aluminum,

metals with the corresponding theoretical curves
determined from figure 1(a), made by using the
constants listed in the right-hand columns of
table I. In all cases the constants used were the
same as those measured for the steady-state con-
dition. The agreement with the experimental
curves is good in all cases and is especially satis-
factory in the case of pure aluminum.

Figure 5 shows a similar comparison for the

7075-T6 aluminum alloy. In this case the theo-
retical curves were taken from figure 1(b). This
comparison is of special interest because the cle-
rated-temperature behavior of 7075-T6 aluminum
alloy has been treated in detail in a previous
paper. (Sce ref. 1.) The constants sclected give
a family of theoretical curves which match the
experimental curves well at the higher stresses;
the match is not so good for the very lowest stress
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IOOF
Ref. 6
N —— ——Eq. {50)
-
e
w107 -
15.25
8 =
@ —
[s} —_
102 i 1 1 1 ]
10-'8 lo-l? [o—IG 10~1® |O-|4 |0-|3
_ 44
te R7 hr
Frerre 3. Comparison of theory and experiment, for the transient creep of gamma iron.
100~ P . T .
condition is —  The corresponding parameter for
0]
2
28, g . FA
%9 the steady state is known to he (See ref. 1)
e 0y
ol 74 Thus there is an apparent inerease in the denom-
w / . inafor of the stress parameter by a factor of 2 in
< 46 = passing from the transient to the steady state.
@ 04 // This factor of 2 is a direet consequence of the
Q X . . . - . e . .
2 = original assumption implicit in equation (2) that
© . 5 the two phases are present in equal amounts.
10-2p . . . . .
-~ An interesting experimental confirmation of this
change in the denominator is found in reference 5.
Ref & In table IT of that reference the numerical value
er. . . - .
6.25 g (50) of the denominator (listed as 1/B) is given as 191
pounds per square inch for pure aluminum under
3 ) . . .
1015 016 IO["S ‘0'_14 transient conditions. A study of figure 3 of that
__b~ reference discloses, however, that the value of
te  FT hr

3

Frorre 4. Comparison of theory and experiment for

the transient creep of lead.

25 . .

(—=.i) . The sudden upward change in curva-
T

ture at the right-hand end of some of the experi-
mental curves, representing the onset of tertiary
creep, cannot, of course, be given by a theory

which has no concern with tertiary creep.

DISCUSSION

Examination of equation 5(a) or 5(b) shows that
the theorectical stress parameter for the transient
525270 -60 —2

Z=¢eeRT for the steady state is given by
(O.5><]()”:)(sinh ,,g2> hr—t, This relation indi-
Dl Yy

cates a value of 382 pounds per square inch for
the denominator after the ereep rate has become
constant.  The doubling of the denominator is
thus a fact and gives powerful support to the
assumption of phases present in equal amounts.

Transient creep in this theory results from the
two phases coming into action at difTerent rates
after an external stress is applied to the metal.
The mechanism is the same as that which ulti-
mately gives rise to the steady creep embodied in
the phenomenological relation of reference 1. The
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Unpublished NACA dota
— —Eq. (5b)
10-4 1 1 1 1 J
lo—cs 'O-la ‘O-IT l0‘16 |0—|5 \0-14
_b#
te *7 , hr

Fiavre 5.

theory thus satisfles the requirement mentioned
in the “Introduction” that there be an intimate
connection between the transient and the steady
ereep in the elevated-temperature region.  That
it also satisfics the other requirement a wide
range of values for the apparent exponent of the
time—may be seen by a casual inspection of
figures 1(a) and 1(b). Tt is worthy of note that
these apparent exponents do actually give the
illusion of heing constant over an appreciable
range of time in many cases.

MecLean, in his study of the ereep of pure alumi-
num, was able to isolate the different effects which
made up the total ereep and presented curves which
showed the individual contributions of the grain
boundary shearing, slip, and grain rotation. Fig-
ure 6(a), taken from reference 10, is a typical
set of curves of this kind and shows that the grain
boundary shearing comes to a stop after a time,
while the other components behave in a viscous
manner and continue to contribule to the creep.
Tn the present paper, the creep strain given by
equation (5a) is made up of two terms; figure

Comparison of theory and experiment for the transient ereep of 7075 T6 aluminum alloy.

6(b) shows the individual contributions from cach
term. Note the similarity to figure 6(a). The
formal correspondence between the two figures
does not neecessarily imply that the lower theo-
retical eurve is concerned exclusively with grain
boundaries, but it is regarded as significant that
the theory for a two-phase material yields curves
similar to those observed in a polyerystalline
metal.

A question of interest suggested by this theory
concerns the distribution of stress between the
phases.  Figure 7 shows the distribution of stress
between the phases,
(A15) of the appendix for two values of the stress

aleulated from  equation

ratio 2.

4
of the siress is borne by the metal of phase 1 and
that, as time passes, more and more of the stress
is taken up by the metal of phase 2, until after a
considerable time (#>>>>7) the loads carried by
the two phases are roughly eomparable and con-
(The loads are exactly equal if M,=11,

These curves show that initially ntost

stant.
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a)

Total

Sum of slip ond subgrain tilting

Relative displocement

Grain boundary sheoring

(o)

FOR TRANSIENT CREEP

Total

sinh[Zfonh'Ir]

. 2&
flg— = inh2Z
- - [o2)
sinh[zmnh '(re ”7)] °
- Y M =
Z{Mnh ' ~tanh '(re "’)] (7’2 +cosh Uz—é’)

Relotive time

(a) Experimental observations of the individual

Relotive time

(by Contribution of the individual terms from equation

components by McTes . 10). . A Y
p ity by McT.can (ref. 10) (5a) of this paper. 2-a=5: $=l:—,‘-=oD
oy J’z l‘/g
Fravre 6. Contribution of individuul components to the total {ransient ereep.
i 25 i 2z,
g ° 20 So=10
20 10 M
—
ol M o Mo
90 M o
ol 0.l
10+ — 1 o 5 !
100 - 10
100
o | L 1 1 0 1 1 A I ]
20 10 -
2 oz
Y90 ) 100
100 ~ 10
10
10 -
ol - 3 '
K” ol
I 1 L I L I 1 1 _
0 ] 2 3 4 0 [ 2 3 4 5
£ 4
T T

Ficrre 7.

Theoretieal distribution of stress between the two phases for two applied stress ratios,
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==, the more evenly the load
o

is divided between the phases when the creep
beeomes steady.

The higher the ratio

The difference in the values of g nd }5’ for

the pure metals and for the aluminum alloy is

. E
noteworthy., The pure metals require that —E—' be
2

much grontvr than unity whereas the alloy calls

for a value of ———1 At the same time, the value

E,
151‘—{’ for the alloy is larger than that for the pure
My

metals.
The nondimensional curve families have been

F,
4,: that 18, o
“2

and 1. Tt is believed that the curves for any

constructed for only two values of -

7
value of % greater than perhaps 10 would not

2
: E .
differ too greatly from those for F‘:m, M it
“2

E,
should prove that values of o "between 1 and 10
2

are encountered, it might be well to construct an
intermediate set. The limited experience with

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

the theory 1o date has not yielded such values.

CONCLUDING REMARKS

A method has heen presented by which transient
creep curves for any material at elevated temper-
atures may be derived from a set of universal,
nondimensional transient creep curves. The con-
stants which are required for the conversion are
those obtained from measurements on steady
creep alone and two other parameters My an l L,

M, E,
where M denotes a temperature function and I,
the elastie modulus for cach phase.

The comparison between the theoretical curves
obtained in this way with experimental data on
pure aluminum, gamma iron, lead, and 7075-T6
aluminum alloy shows that the theory is adequate
to account for the shape and position of the
experimental curves. For each metal, the as-
sumption of a single set of constants yields the
entire family of transient creep curves properly
spaced in regard to stress and temperature and
having substantially the required slope.

LaNGLEY REsEARCH CENTER,
NATIONAL AKRONAUTICS AND SPACE ADMINISTRATION,
Laxcruey Frewp, Va, July I8, 1958.



APPENDIX
DEVELOPMENT OF FORMULAS FOR TRANSIENT CREEP

DIFFERENTIAL EQUATIONS OF SYSTEM

Let the polycrystalline metal consist of two  must hold and for equilibrium
phases designated by subscripts 1 and 2. The
differential equations for the system are taken ‘%':E (A5)
to be, at constant temperature, two relations
identical in form with the relation proposed in  where 7 is the constant applied stress.
reference 1: One of the stresses, for example, o,, may be

. lde,, 5, . ., 0 ‘ climinated by means of equation (A5);a differen-
“TEd +M, sinh 70 AL jal equation for ¢, results:
20
1 do, , | . 1 Og M, +M, cosh —
€2=— —-+M,sinh = (A2)  doy % o1 01
Ez (lt ap (l’t + 1 i Slnh o
For compatibility between the phases, the rela- I E, o
tions ‘ M, sinh ad
€,=¢€; (A3) %0 cosh Z=0  (A6)
i_}_i o
€1=¢, (A4) KK,

SOLUTION FOR STRESSES

Equation (A6) has a solution

. L 2
M, sinh 2 M, sinh =<
[0} ()

1§ o 1 P 20
tanh | = “—tanh-'——— % _ b l=tanh| =] -+ -~ "—tanh"?! — 0 _ e=t7 (A7)
4 ¢ g ¢
2\ oo M,4-M, cosh 2% 2\ Lt I o M,+M, cosh 22
0o [}
where
e (L)
MM, £ K,
M, M % (48)
M, My, 0
\/ﬂb AL-{-H cosh o
and in which
2K, _

(01)z=o=m 4 (Ag)

is the initial condition,
Similarly, by interchanging subscripts, the corresponding solution for ¢, is

2 .
A, sinh 22 M, sinh i-"
1]

1 ga —1 (o4} . 1 E2 2; _ _
tanh 3 a—o—ta‘nh ~———— | [=tanh 5 m};——(anh Ve — et (Al0)

MM, cosh'™ My+M, cosh &2
) (]

11
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in which
2FE, _—
E+E’°

Denote

(02)¢-0= (A11)

is the initial condition.

s N
M, sinh 2%

a,=tanh"! ———!—95;
a

M,-+M, cosh —
(1] &
. 20
M, sinh "—

[of

a;=tanh™! ————0—_

M,+M, Cosh =

T )]
rl—tanh[ (F1+F2 o
rﬁm“[<ﬁ+aao ﬂ

In this notation the solutions for the stresses are:

1
tanh [5 (U—‘-—al):lzrle"/’
EAAN )
1 /0, .
tanh Sl o—a ) |=re 4
& \0p

oy, it follows that

(A12)

(A13)

(A14)

or

g-‘=a1—|-2 tanh=1(r,e~ 47
To

(A15)
ﬂ=az+2 tanh=(r,e=''7)
0o
It can be readily shown that
2g
ay+a,==2 (A16)
Ty
From cquations (A13) this relation makes
r=—T,=T (A7)

The second of equations (A15) may therefore be
written

T2 20 _ o

—[a,+2 tanh= (e V") =

oo dg Ty 0o
in accordance with condition (A5).
SOLUTION FOR STRAIN RATE

Since the stresses are now known, the appro-
priate functions may now be inserted into equation
(A1) or (A2) to obtain the strain rate. If the
first of equations (A15) is used for the value of

M2+ M2 +2M,M, cosh 22
[\}
AV o

(10'1__ 2re~ T
T 1 1—72g—2tit
BT
and that
v ‘ ' 2; o H(T 1+7‘2 —2t/r
o (ﬂrlﬁrﬂfz cosh ;;)1 _rze—zt/r'H”-’f sinh = oo 1122
sinh —==-" -~
4] o o 20
JA[{JrRIg'-{M 2M AL, cosh p
Q

Substitution of these quantities into equation (A1) gives for the strain rate

(M M, M, cosh —" M2-MM, cosh =
jor T,

) -Hr+(—+ H ) MM, si

-—2!/7)

(A18)

€

(El_*_E) (1=

Note that, if the phases have identical properties (Fi=F,=

P \/ M2+ M +2M,M, cosh >

4]

IE; Mi=M,=M) so that they beccome
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equivalent to a single phase, then

. 20
ol = sinh o 1/3 =
r=tanh 5 ——tanh™! ——02—_ =tanh [E (———):I:O
ol B 1+ cosh }E % %o
B 0

and under this condition

M sinh 20 M sinh < cosh < -
D — % %0—M sinh — (A19)

“= / o5 v :
242 cosh i cosh — 0
[} 4]

which is a constant and of the correct form known for steady creep. Transient creep will therefore
appear only as a result of difference between the phases.
Note also, that even if 7 has values different from zero, after an infinite time

_ )
VMM, sinh =2
Jo

(él)t=w=

(A20)

M, M, 20
\/sz—'_ﬂfx_*_ 2 cosh .

which is likewise a constant; this relation shows that the end result is always steady creep. For

. M, M, . . C .
stresses large enough so that the ratios =+ and 5, may be neglected in the denominator, which is the
g € A, M A ™ &
most usual case, then
——1
VMM, 5, v P prs
A 0 N~ A F
(€)= o =M M, 3 g\"f\llﬂlzsmh;o

The geometric mean /MM, is thus identifiable as.
AT 25 Te-dmme (A21)

from the known expression for steady creep.  (See ref. 1.)  Note that for the transient state the stress

v a - O
parameter is —, wherecas for the steady state the parameter is —-
ap 4}

2

SOLUTION FOR CREEP STRAIN

Integration of equation (A18) yiclds the creep strain

. _
MELMM, cosh 22 M2+MM, cosh 22
% _ 9% §[2 tanh™! »—2 tanh™* (re=*/7)]
Ez El

EoI Ny rar oo 20 sinh (2 tanh~'r)
+<F1+Ez) MM, sinh o log sinh [2 tanh™" (re~4/7)]
=€, =T (A22)

(112+L]2>\/ M2 M2+2MM, cosh 22

]
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14 ,
in which (e),_o=0 is the initial condition. The values of 7 may be inserted from equation (A8) and

the following equation results:

Jll—i— 0%112—(7 ‘::?'4'& 112—0
g ! % J12 tanh='r—2 tanh=! (re-*7)]

M, 0
Eg El
1 1 ., 20 sinh (2 tanh™'r)
+(E1+[L’2 sinh o log sinh [2 tanh™! (re='/7)}
emoy (A23)
\[, A, ) 20
M, 2 cosh o

Two cases may be considered:

(a) Assume = f w- Under this condition
I sinh (2 tanh~'r)

M, 27 T sindy 2
+cosh = )[2 tanh='r—2 tanh=!(re=*/7)]+sinh = log = 5 e
a0 sinh [2 tanh™! (re=t/7)] (A24a)

. .‘[2 [
.—E J[l J[z 9 . .20'
3, + ”l—f-.. cosh P
I, . . .
(b) Assume ==1. Under this condition
E,
M, ’lfz>[ » Al tsr ] sinh (2 tanh=1r)
90, \ 37, tanh~'r—tanh=(re=t/7) +%1nh p G 2 tanh—"(re="7)]
__]7 ‘[ AL = (A24b)
! 1 +" osh —
In cquations (A24), againsi the parameter 8=t 27T which in the
o 9g notation of this paper is
[ E % M S
r=tanh| =1 /—~—+=——tanh!'— = ! o ( ) _
24 K. 9 220 (4= )eHET
By oo M+ M; cosh 2= gt osmmr MM\ B
7 M, M, 26
721 9 wosh 22
(L+h) \/ g g T2 eosh
47 11,112 EE _ N
Ly ey 5 From equation (A21), MM, may be replaced
\/U] +‘MZ+2 cosh — by its value in terms of the steady creep constants
2 7o The final result for the parameter 6 is
FORM FOR COMPARISON WITH DATA ¢ ( 1 N 1 )
ol g
The creep strain e is usually not plotted against o~ AT/RT — N TR, (A25
M, M, 23
2T\ T T2 eosh g,

boas suggested by cquations (A24) but instead
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Universal nondimensional transient creep curves
can evidently be constructed by using as co-
ordinates the parameters:

For the case =5 E2

e 270
I
T9 09
K, E,

For the case F =1,

L2
e 2:70
% o
YR )

or
e 2s79
70, 0o
2F 2K

which provide better separation of the curves in
the region of zero transient creep.

REFERENCES

1. Stowell, Elbridge Z.: A Phenomenological Relation
Between Stress, Strain Rate, and Temperature for
Metals at Fl(‘\ ated Temperatures. NACA Rep
1343, 1958. (Supersedes NACA TN 4000.)

2. Mott, N. F.,, and Nabarro, ¥. R. N.: Dislocation
Theory and Transient Creep. Rep. of a Confer-
cnee on the Strength of Solids (. H. Wills Phys.
Lab., Univ. Bristol, July 7-9, 1947), The Physical
Soc., 1948, pp. 1-19.

3. Orowan, E.: The Creep of Metals, Jour., West of
Scotland Iron and Steel Inst., vol. 54, 1946-1947,
pp. 45-82, 93-96; Discussion, pp. 83-92.

4. Sully, A. H.: Recent Advances in Knowledge Con-
cerning the Process of Creep in Mctals. Vol. 6 of
Progress in Metal Physies, Bruce Chalmers and R.
King, eds., Pergamon Press, Ltd. (London & New
York), 1956, pp. 135-180.

5. Sherby, O. D., Trozera, T. A, and Dorn, J. E.: The
Effects of Creep Stress History at High Tempera-
tures on the Creep of Aluminum Alloys. Proe.
AS8.T. M., vol. 56, 1956, pp. 789-806.

6. Feltham, P.: The Plastic Flow of Iron and Plain Car-
bon Steels Above the Az-Point. Proc. Physical Soc.
(London), vol. 66, pt. 10, no. 406B, Oct. 1, 1953,
pp. 865-883.

7. Sherby, O. D., and Dorn, J. E.: Correlations of Iigh
Temperature Creep Data.  TForty-Tirst Tech. Rep.
(Ser. 22, Contract N7-ONR-295, TO II, NR-031-
048), Minerals Res. Lab., Univ. of California, June
1, 1955.

8. McKcown, J.: Creep of Lead and Lead Alloys, Pt. T.—
Creep of Virgin Lead. Jour. Inst. Metals (London),
vol. 60, 1937, pp. 201-223.

9. Wiseman, C. D., Sherby, O. D., and Dorn, J. E.:
Creep of Single Crystals and Polyerystals of Alumi-
num, Lead, and Tin. Forty-Third Tech. Rep. (Ser.
22, Contract N7-ONR-295, TO 1I, NR-031-048),
Minerals Res. Lab., Univ. of California, Nov. 1,
1955.

10. MecLean, D.: Creep Processes in  Coarse-Grained
Aluminum. Jour. Inst. Metals (London}), vol. 80,
May 1952, pp. 507-519.

U.5. GOYERRNNENT PRINTING OFFICE: 1360












